Haemophilus influenzae isolates vary widely in their susceptibilities to the peptide deformylase inhibitor LBM415 (MIC range, 0.06 to 32 g/ml); however, on average, they are less susceptible than gram-positive organisms, such as Staphylococcus aureus and Streptococcus pneumoniae. Insertional inactivation of the H. influenzae acrB or tolC gene in strain NB65044 (Rd strain KW20) increased susceptibility to LBM415, confirming a role for the AcrAB-TolC pump in determining resistance. Consistent with this, sequencing of a PCR fragment generated with primers flanking the acrRA region from an LBM415-hypersusceptible H. influenzae clinical isolate revealed a genetic deletion of acrA. Inactivation of acrB or tolC in several clinical isolates with atypically reduced susceptibility to LBM415 (MIC of 16 g/ml or greater) significantly increased susceptibility, confirming that the pump is also a determinant of decreased susceptibility in these clinical isolates. Examination of acrR, encoding the putative repressor of pump gene expression, from several of these strains revealed mutations introducing frameshifts, stop codons, and amino acid changes relative to the published sequence, suggesting that loss of pump repression leads to decreased susceptibility. Supporting this, NB65044 acrR mutants selected by exposure to LBM415 at 8 g/ml had susceptibilities to LBM415 and other pump substrates comparable to the least sensitive clinical isolates and showed increased expression of pump genes.
The continuing emergence and spread of cellular targetbased antibiotic resistance mechanisms is a serious and increasing threat to the effective treatment of microbial infections. There is an obvious need for the development of new compounds, directed at novel cellular functions, which will be active against current resistant strains. In general, target-based antibiotic development strategies are very effective for identifying potent and specific inhibitors of target proteins; however, historically there have been significant hurdles to the effective use of these inhibitors as broad-spectrum antibiotics. This has much to do with intrinsic resistance imparted by bacterial membrane impermeability and efflux. These issues are especially problematic in the case of gram-negative bacteria, where the outer membrane and efflux pumps have been shown to act synergistically to minimize intracellular accumulation of a variety of structurally unrelated compounds (reviewed in references 17, 18, and 19) .
There are five general groups of bacterial efflux pumps currently described: the major facilitator superfamily, small multidrug resistance family, the multidrug and toxic compound extrusion family, the ATP-binding cassette family, and the resistance-nodulation-division (RND) family (25) . The RND family appears to have the broadest substrate range, and these pumps are therefore most generally relevant vis-a-vis drug resistance in gram-negative bacteria. Architecturally, they consist of an inner membrane proton-drug antiporter, an outer membrane channel, and a so-called membrane fusion protein that is thought to function in facilitating the interaction between the inner and outer membrane components in the periplasm. Substrate extrusion is driven by the proton motive force, and recent data indicate that many substrates may be pumped from the periplasm or the cytoplasmic membrane (9, 14, 33) .
Along with intrinsic resistance conferred by efflux, regulatory mutations turning on or increasing efflux pump expression (presumably selected for by exposure to antimicrobial agents or biocides) can confer increased resistance to several or all of the substrates for a given pump (5) . Efflux pump overexpressors have been isolated clinically (3, 15, 34) ; therefore, while cross-resistance to novel agents may not preexist in the form of target-based mutations selected by commonly used antibiotics, these exposures may select pump mutants with decreased susceptibility to novel antibiotics.
Pseudomonas aeruginosa, an important emerging opportunistic pathogen, represents one end of the spectrum of effluxbased resistance, having multiple RND family pumps of overlapping substrate range and a notably impermeable outer membrane which has been shown to significantly increase the efficiency of the pumps by limiting influx (24) . Perhaps representing the other end is Haemophilus influenzae, an important respiratory pathogen (7, 11, 22, 29) that has only one known RND family (AcrAB-TolC homolog) pump (10, 27) and is characterized by a relatively permeable outer membrane. The permeability of the outer membrane has been implicated in limiting the efficiency of the efflux pump even for relatively large substrates such as erythromycin (27) . Therefore, H. influenzae may represent an example of a gram-negative pathogen where efflux-based intrinsic and acquired resistance may be expected to pose less of a problem. Despite this and consistent with erythromycin being a substrate of the AcrAB-TolC pump of H. influenzae (27) , moderate levels of intrinsic resistance to macrolides in H. influenzae clinical isolates has been associated with efflux (21). Recently, high-level resistance to macrolides related to mutations in the L22 ribosomal protein has also been shown to require a contribution from efflux (20) .
A new class of antimicrobial compounds, typified by the reverse hydroxamates LBM415 and LBK611 (Fig. 1) , are potent inhibitors of bacterial peptide deformylase (PDF), an antibacterial target that has been the focus of much recent interest (2, 6, 32) . LBM415 shows significant promise, particularly towards gram-positive bacteria, including well-characterized resistant strains (10a). We have noticed that H. influenzae isolates exhibit, overall, somewhat reduced susceptibilities to LBM415 (MIC 90 of 4 g/ml against a panel of 33 isolates) and related compounds, although they also have a very wide range of susceptibilities (LBM415 MIC range, 0.06 to 32 g/ml). Therefore, we have investigated the contribution of AcrABTolC-mediated efflux in determining the susceptibility of several H. influenzae strains to LBM415 and the structurally related compound LBK611.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. Bacterial strains and plasmids used in this study are listed in Table 1 . Luria-Bertani (LB) broth or LB agar (Difco) was used for routine growth of Escherichia coli. Chocolate agar plates (Remel) were used for routine growth of H. influenzae. Brain heart infusion broth (Remel) supplemented with 10 g/ml of ␤-NAD (Fluka) and 10 g/ml hemin, provided from a hemin-vitamin K solution (sBHI) (Remel), was used for liquid broth cultivation of H. influenzae. For induction of natural competence in H. influenzae, nutritional downshift was induced using M-IV medium as described previously (23) . Kanamycin was added to growth media at 50 g/ml (E. coli) or 5 g/ml (H. influenzae) as required.
Antimicrobial susceptibility testing. Antibiotic MICs were determined by broth microdilution using twofold dilution in Haemophilus test medium (HTM; Remel) in accordance with the procedures established by the CLSI (formerly NCCLS) (16) . Peptide deformylase inhibitors were synthesized at the Novartis Institutes for Biomedical Research, Cambridge, MA. All remaining antibiotics were obtained from Sigma (St. Louis, MO).
DNA manipulations. H. influenzae genomic DNA was isolated using the Puregene tissue kit (Gentra Systems, Inc., Minneapolis, MN) according to the manufacturer's instructions. Oligonucleotides for PCR and sequencing were obtained from Genelink (Hawthorne, NY) and are listed in Table 2 . PCRs were carried out using the Easystart mix-in-a-tube system (Molecular Bio-Products, Inc., San Diego, CA) according to the supplied instructions, with prepared genomic DNA or cells from isolated colonies used as the template. Restriction endonucleases and modifying enzymes were used according to the instructions supplied with the enzymes. DNA fragments were purified or isolated following agarose gel electrophoresis, using the QIAquick PCR cleanup or gel extraction kit (QIAGEN, Inc., Valencia, CA) as specified in the instructions. Nucleotide sequencing was performed by Agencourt, Inc. (Beverly, MA).
In vitro insertion mutagenesis. For use in generating chromosomal insertion knockouts of acrB in H. influenzae, the acrB gene was inactivated in vitro as follows: primers AcrBHIF and AcrBHIR3 (Table 2) were used to generate a PCR fragment containing acrB from H. influenzae NB65001 genomic template DNA. This was directly cloned into pCR 2.1-Topo (Invitrogen, Carlsbad, CA) according to the instructions provided with the kit, then excised using EcoRI, and ligated into pEX18Tc. The resulting construct was linearized at the unique MfeI site within acrB, blunt ended with T4 DNA polymerase, and ligated to a blunt PCR fragment encompassing the kanamycin resistance marker from pACYC177 to give plasmid pCDBKm. This construct has the resistance determinant in the orientation opposite that of acrB. The presence of an H. influenzae DNA uptake sequence has been shown to facilitate much greater levels of natural transformation, which help to introduce DNA into various isolates which may not efficiently take up DNA by natural transformation (1) . To introduce the uptake sequence into pCDBKm, a 177-bp DNA fragment containing the uptake sequence was amplified from NB65044 genomic DNA using previously described primers (1). The product was cloned into pCR2.1-Topo (Invitrogen, Carlsbad, CA), excised with KpnI, and cloned into the KpnI site within the multicloning site of pCDBKm to give pCDBKmUS.
To obtain an insertion in the open reading frame (ORF) encoding TolC (30), primers HI1462IF and HI1462IR (Table 2) were used to generate a PCR fragment encompassing most of tolC from H. influenzae NB65001 genomic DNA template. This was ligated directly into pCR 2.1-Topo (Invitrogen, Carlsbad, CA), recovered as an EcoRI fragment, and ligated into the EcoRI site of pBluescript SK. A kanamycin resistance gene, isolated from pBAD18Kan as a 1.8-kb HaeII fragment and blunt ended with T4 DNA polymerase, was then ligated into the unique MluI site within tolC, which had been rendered blunt, to generate pCD14Km. This construct has the kanamycin resistance determinant in the same orientation as HI1462 (Fig. 2) .
Introduction of insertions onto the chromosome by gene replacement. For introduction of the acrB::Km insertion into the genome, H. influenzae strains were grown to early log phase (optical density at 600 nm of approximately 0.2) in sBHI, and natural competence was induced by nutritional downshift into M-IV medium by the method of Poje and Redfield (23) . Competent cells were transformed with pCDBKmUS (linearized with XbaI) or pCDRKm (linearized with ScaI) as previously described (23) and plated on chocolate agar containing 5 g/ml kanamycin. For introduction of the tolC::Km insertion into the genome of H. influenzae strain NB65044, competent cells were transformed with pCD14Km (linearized with ScaI) and selected as described above. For introduction of this insertion into strains NB65027 and NB65051, the recipient cells were made competent as described above, transformed with genomic DNA isolated from strain NB65044-CDS0001 (which has the insertion) and selected on chocolate agar plates containing 5 g/ml kanamycin. All insertions were confirmed by PCR, and sequencing of fragments was generated using primers flanking the insertion sites. on September 7, 2017 by guest http://aac.asm.org/ PCR analysis of hypersusceptible strain NB65062 and complementation of the acrA deletion. For analysis of the region encompassing the acrA gene in LBM415-hypersusceptible strain NB65062, primers AcrRHIF1 and AcrAHIR (Table 2) were used to generate an approximately 1.1-kb PCR fragment from H. influenzae NB65062 genomic DNA. The fragment was gel purified, and the nucleotide sequence was determined. For complementation of the acrA defect of strain NB65062, genomic DNA from NB65044, which contains a functional AcrAB-TolC pump, was used to transform NB65062 using the nutritional downshift method described above. Transformed cells were plated on chocolate agar containing either 4 g/ml LBM415 or 2 g/ml erythromycin, both substrates of the AcrAB-TolC efflux pump, and representative isolated colonies arising after 24 h were picked for further examination.
RNA isolation. H. influenzae cultures were grown in triplicate in HTM (Remel) liquid medium with shaking at 37°C to late log phase (optical density at 600 nm of 0.8 to 1.0) and collected by centrifugation, and the cell pellets were frozen at Ϫ80°C. Total RNA was isolated from cell pellets using the Purescript RNA GeneChip analysis. Efflux pump gene expression was examined using custom Affymetrix GeneChips designed to interrogate all predicted ORFs for H. influenzae strain RdKW20 (10). RNA was reverse transcribed, and 1 g of cDNA was fragmented, labeled, and hybridized to GeneChips using the standard prokaryotic GeneChip protocol supplied by Affymetrix. GeneChip data were obtained by scanning with an Affymetrix autoloading scanner, and data were normalized and compared using Genespring (Silicon Genetics) analysis software.
Real-time RT-PCR. Primers and probes for real-time reverse transcription-PCR (RT-PCR) (Table 3) were designed using Primer Express v. 2.0 software (Applied Biosystems, Foster City, CA) and were synthesized by Applied Biosystems Assays by Design service. The levels of acrB transcripts were monitored by real-time RT-PCR analysis using Applied Biosystems' EZ RT-PCR Core Reagents kit based on a one-step RT-PCR for RNA quantitation on an Applied Biosystems PRISM model 7500 Sequence Detection system. Relative quantitation was done by the comparative cycle threshold method using the endogenous internal control rpsL (ribosomal protein S12) for sample normalization which had been shown to be invariant in this study (data not shown). Cycle threshold values were calculated using Applied Biosystems Sequence Detection software v.1.2.2. For each one-step RT-PCR run, 10 l (10 ng) of total RNA was added to a reaction mixture prepared on ice containing 1ϫ EZ RT-PCR TaqMan buffer, 3 mM manganese acetate, 300 M dATP, dCTP, and dGTP, 600 M dUTP, 0.9 M of forward and reverse primers, 0.25 M fluorogenic TaqManlabeled probe, and 5 U of rTth DNA polymerase in a final volume of 50 l. The thermocycling conditions were as follows: 60°C for 30 min, 95°C for 5 min, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min. A preliminary experiment was performed to show that both the target and endogenous control transcripts (acrB and rpsL, respectively) were amplified with approximately equal efficiencies.
RESULTS AND DISCUSSION
Role of the AcrAB-TolC pump in determining susceptibility to LBM415. Insertional inactivation of acrB or tolC in the H. influenzae laboratory strain NB65044 (Fig. 2) increased susceptibility to LBM415 16-to 32-fold (NB65044-CDS0001 and NB65044-CDS0020 [ Table 4 ]). The insertion also increased susceptibility to the structurally related PDF inhibitor LBK611 and the known pump substrate erythromycin (27) , and more dramatically to clindamycin, while not significantly affecting susceptibility to the non-pump substrate tetracycline (27) (Table 4). Another known non-pump substrate, chloramphenicol, was also unaffected by pump deletion (data not shown). This confirms that the AcrAB-TolC pump of H. influenzae plays a significant role in reducing intrinsic susceptibility to LBM415 and LBK611.
Decreased susceptibility to antibiotics in clinical isolates of a number of bacteria is frequently associated with overexpression of efflux pumps. Identification of pump repressor mutations and/or pump gene overexpression in resistant clinical isolates is a strong indicator of efflux-based resistance; however, there is not always a clear association between pump status and resistance to specific antibiotics (28) . Therefore, to directly address whether the AcrAB-TolC pump plays a significant role in decreasing the susceptibility of H. influenzae clinical isolates with the lowest susceptibilities to the PDF inhibitors, acrB was inactivated in strains NB65016, NB65027, NB65051, NB65063, NB65069, and NB65076, all of which exhibit decreased susceptibilities to LBM415, LBK611, and clindamycin. In all cases, pump loss substantially increased sus- ceptibility to these compounds, while having no impact on non-pump substrates (Table 4) . This finding provides direct confirmation that the AcrAB-TolC pump is widely distributed and is a major contributor to the decreased susceptibility exhibited by these strains. Moreover, inactivation of tolC in strains NB65027 and NB65051 also specifically increased susceptibility to pump substrates (Table 4) , further substantiating the role of this outer membrane channel in AcrAB-TolC pump function in clinical isolates. Efflux has previously been implicated in mediating moderate levels of macrolide resistance in H. influenzae clinical isolates, although a small percentage of isolates were macrolide susceptible and lacked the efflux mechanism (21) . We also noticed a small percentage of clinical isolates were hypersusceptible to erythromycin, as well as clindamycin and PDF inhibitors. Using PCR diagnostics, acrR-, acrA-, or acrB-derived products were obtained for several of these strains (data not shown), suggesting that the pump genes are widely distributed, even in hypersusceptible strains. However, for hypersusceptible strain NB65062 (LBM415 MIC of Յ0.25 g/ml), the acrA gene was not generated. The use of primers AcrRHIF1 and AcrAHIR (Table 2 and Fig. 2 ) encompassing most of acrR-acrA did, however, generate a product of smaller size than the predicted 2 kb. Nucleotide sequencing of the fragment revealed an 873-bp deletion resulting in the loss of most of acrA. Transformation of H. influenzae NB65062 with genomic DNA from NB65044, which possesses an intact acrAB locus, and selection on chocolate agar containing LBM415 (4 g/ml) or erythromycin (2 g/ml), resulted in isolates with decreased susceptibilities to both classes of antibiotics and no change in susceptibility to non-pump substrates (strains NB65062-CDS0038 and NB65044-CDS0039 [ Table 4 ]). Pulsed-field gel electrophoretic analysis of genomic DNA from both transformants gave identical restriction patterns to that of NB65062, while PCR and sequencing revealed the restoration of full-length acrA, confirming that hypersusceptibility is due to a lack of the AcrAB-TolC pump in strain NB65062. This observation is consistent with the role of the AcrAB-TolC pump in providing intrinsic resistance to PDF inhibitors and other pump substrates and indicates that hypersusceptibility can result from mutational loss of efflux pump components. The remaining hypersusceptible strains that gave predicted PCR products for pump genes may have other small deletions or point mutations compromising pump function, but this remains to be confirmed.
It should be noted that among clinical strains examined here, not all LBM415-hypersusceptible isolates were also hypersusceptible to macrolides. Indeed, some strains were LBM415 hypersusceptible while exhibiting high levels of macrolide resistance, suggesting a possible disconnect between the two resistances in some instances. This suggests the presence of target-based macrolide resistance in some strains that might b Strains NB65044-CDS0011 and NB65044-CDS0014 are acrR mutants selected on chocolate agar plates containing 8 g/ml LBM415. NB65044-CDS0011 acrR has a C-to-T nucleotide change at position 253, introducing a stop codon. NB65044-CDS0014 acrR has a T-to-C nucleotide change at position 164, resulting in an L-to-P amino acid substitution.
c MICs determined by Etest (AB Biodisk, Solna, Sweden); NB65062, 0.19 g/ml; NB65062-CDS0038 and NB65062-CDS0039, 12 g/ml. (20) . Further examination of macrolide resistance in certain LBM415-hypersusceptible strains will shed more light on the relationship between efflux and target-based macrolide resistance. AcrR is a repressor of AcrAB expression, and mutations in acrR are related to susceptibility to LBM415. The demonstration that the AcrAB-TolC efflux pump is a major contributor to decreased susceptibility to LBM415 and other antimicrobials in H. influenzae clinical isolates suggests that increased pump expression may lead to decreases in susceptibility. Although the emerging picture of efflux pump regulation is becoming increasingly complex, there are many cases where pump overexpression is related to simple mutations in regulatory genes. For example, P. aeruginosa nalB strains overexpress MexABOprM due to mutations in the mexR gene encoding a repressor, located immediately upstream of the mexAB-oprM genes (26) . In H. influenzae, a putative acrR gene (HI0983), located immediately upstream of acrAB (Fig. 2) , encodes an AcrR/ TetR family repressor which may be involved in controlling the expression of acrAB. Nucleotide sequencing of acrR from H. influenzae strains NB65016, NB65027, NB65051, and NB65063 revealed the presence of insertion/deletions or point mutations generating either frameshifts or stop codons, as follows: NB65016, 1-base (C) insertion after nucleotide 442 (frameshift); NB65027, 8-bp deletion and GTT insertion after nucleotide 366 (frameshift) and an additional 1-base insertion downstream; NB65051, 4-bp deletion after nucleotide 322 (frameshift); and NB65063, C252T substitution (stop). The acrR genes from NB65069 and NB65076 revealed point mutations leading to amino acid changes relative to the published sequence for the acrR gene. The preponderance of acrR mutations, combined with the clear role of the AcrAB-TolC efflux pump in decreasing susceptibility to LBM415, erythromycin, and clindamycin in these strains strongly suggests that the AcrAB-TolC efflux pump is being overexpressed due to loss of AcrR repressor function.
To further examine the relationship between AcrR and decreased susceptibility to LBM415, we tested whether exposure of H. influenzae NB65044 to LBM415 at 8 g/ml would select mutants with altered acrR genes. Mutants of strain NB65044 were selected on chocolate agar containing 8 g/ml of LBM415 (typical frequency of 10 Ϫ7 ), and examination of the acrR genes from 10 isolated mutants revealed mutations in all 10 isolates (data not shown). Susceptibility testing of two of these mutants (NB65044-CDS0011 and NB65044-CDS0014, possessing an introduced stop codon and an amino acid change, respectively) (see footnote b of Table 4 ) revealed an eightfold decrease in susceptibility to LBM415 and LBK611 and a fourfold decrease in susceptibility to clindamycin with no change in susceptibility to tetracycline (Table 4) . To relate the increase in resistance to increased pump expression, transcriptional profiling revealed that there was a modest increase in expression of acrR (approximately 3.44-fold), acrA (approximately 2.65-fold), and acrB (approximately 1.88-fold) in strain NB65044-CDS0011 compared to the parent strain NB65044. Real-time RT-PCR analysis for acrB (2.17-fold Ϯ 0.03-fold upregulated) confirmed the increase measured by GeneChips. Similar results were obtained for a strain insertionally inactivated for acrR using a kanamycin cassette (data not shown).
Taken together, these data show that decreased susceptibility to LBM415 can be acquired mutationally in the form of acrR mutations, presumably by affecting expression of AcrAB. It also strongly supports the notion that the mutations in acrR found in the less susceptible clinical strains examined here result in pump overexpression. It was previously reported that inactivation of acrR in H. influenzae did not alter susceptibility to a wide range of compounds, including erythromycin (30) . In our investigation the change observed in erythromycin susceptibility upon acrR mutation was small, but susceptibility to clindamycin (and LBM415) was apparently much more responsive to AcrAB pump level, potentially reflecting differences between the compounds as regards recognition by the pump and/or influx across the outer membrane. The GeneChip data also indicate that acrR is autoregulated, which is typical for many efflux pump repressors.
Conclusions. In summary, we have shown that the AcrABTolC efflux pump of H. influenzae is responsible for decreasing susceptibility to the PDF inhibitors LBM415 and the structurally related compound LBK611. Susceptibility is further decreased upon mutational loss of AcrR. Significantly, acrR mutants apparently exist within the clinical population, suggesting that previous exposure to antimicrobials may have selected for decreased susceptibility to these novel PDF inhibitors. Furthermore, exposure of H. influenzae to LBM415 in vitro selected for acrR mutations and corresponding decreases in susceptibility to both LBM415 and other pump substrates. This highlights the potential impact of efflux with respect to novel antimicrobial compound development, even in bacteria, such as H. influenzae, with relatively less efficient efflux.
In light of the comparative inefficiency of the H. influenzae AcrAB-TolC pump and the relative permeability of the outer membrane, it may be possible to modify novel compounds to influx rapidly and/or escape recognition by the pump. Indeed, glycyl modifications of minocycline were previously shown to alter the relative contributions of pumps mediating efflux in Pseudomonas aeruginosa from MexAB-OprM to MexXYOprM (8) , suggesting that a specific pump can be evaded through chemical modification. Since many H. influenzae strains likely have only a single RND-type pump, this strategy may be more successful in this organism. Alternatively, efflux may be overcome through the development of specific pump inhibitors. At least one compound, MC 04,124 has been reported to inhibit macrolide efflux in H. influenzae (4, 31) . The increasing prevalence and importance of gram-negative infections demand a more concerted effort directed at overcoming efflux in order to increase the odds of successful development of novel antimicrobials targeted at these bacteria.
